The lowest energy conformer of alanine-(water) 4 complex (Spectrochim. Acta A, 59, 2619Acta A, 59, , 2003 was studied in more detail using Density Functional Theory methods B3LYP/6-31ϩG*. The total energy and binding energy for this complex is -629.514437 hartrees and -41.02 kcal/mol, respectively. Relaxation energy and many-body energies, i.e., two-, three-, four-, and five-body energies, were obtained for this complex using many-body analysis to elucidate their contribution to the binding energy of the complex. It was found that relaxation energy as well as all many-body energies had significant contributions to the total binding energy. The highest contribution is from twobody energies.
Introduction

O
wing to the complexity arising from a direct structural study of protein-water interactions, amino acids have been quite useful as models for understanding structural behavior of proteins and peptides in aqueous solutions. The structural and energetic properties of amino acids play a key role in the optimization and design of both currently used and proposed industrial processes of biochemistry. One useful approach that assists in our understanding of these interactions is to study interactions between basic building blocks of proteins, i.e., amino acids and water, to mimic some aspects of protein structure. There are several investigations on amino acid-water interactions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Most of them are on glycine and alanine.
It is now well known that amino acids are known to occur in zwitterionic form in aqueous media [11] [12] [13] . Always a subject of interest is: How many water molecules are required to stabilize the zwitterionic form of amino acid? It has been shown that glycine as well as alanine requires at least two water molecules to stabilize the zwitterionic form [2, 10] . Park et al. [10] studied the alanine-(water) n (n ϭ 1-3) complex using the Density Functional Theory (DFT) method. They predicted the proton transfer pathways between an alanine-(water) n and zwitterions-(water) n cluster. Recently, structural and vibrational spectra of the alanine-(water) 4 complex were studied experimentally and theoretically [8, 9] . In the theoretical studies, the authors used the DFT/B3LYP method to calculate vibrational frequencies and absorption intensities. They have shown that the calculated vibrational properties were significantly influenced by a very small rearrangement in relative position of the neighboring water molecules.
Here, we extend the earlier study on the alanine-(water) 4 complex with the DFT/B3LYP method [14 -17] using a basis set that includes both diffuse and polarization functions. We used the 6-31ϩG* basis set in this study since in the hydrogen-bonded complex both diffuse and polarization functions are expected to be important and are included in the basis set. We considered only the lowest energy conformer for alanine-(water) 4 complex optimized in earlier studies. A more detailed study of this structure is done by applying many-body analysis [18 -23] to obtain the relaxation energy, many-body (two-, three-, four, and five-body) energies, and their contributions to the binding energy for this complex.
Computational Details
The geometry optimization for alanine-(water) 4 was performed using a 6-31ϩG* basis set at the DFT level. For hydrogen bonding, it is expected that both diffuse and polarization functions may be necessary in the basis set, since the atoms involved in the hydrogen bonding are much more sensitive to the basis sets. DFT with a B3LYP functional [14 -17] that consists of the Hartree-Fock and nonlocal exchange and correlation parts was approached along with these basis sets. The relaxation energy and many-body energies (two-, three-, four-, and five-body interaction energies) were calculated as suggested previously [18 -23] . All energies are corrected for basis set superposition error (BSSE) by using the counterpoise method and generalized counterpoise method [24 -26] . All calculations were performed using the Gaussian 98W program [27] .
MANY-BODY ENERGIES
Many-body energies (two-, three-, four-, and five-body interaction energies) were calculated as follows. The decomposition of the total energy of the complex can be written as:
where
E(i), E(ij), E(ijk), E (ijkl)
are the energies of the various monomers, dimers, trimers, and tetramer in the complex and E A , E W are the energies of isolated alanine and water molecules, respectively. The pairwise two-body interaction energies and higher three-body and four-body interaction energies are defined as the following equations.
and so on. The sum of relaxation energy, two-body, threebody, four-body, and five-body energy gives the total binding energy of the complex. The BSSEcorrected total energy is calculated as suggested in ref. 25 and 26.
Results and Discussion
The lowest energy structure of the alanine-(water) 4 complex is shown in Figure 1 . The total energy of alanine-(water) 4 complex in this work obtained at B3LYP/6-31ϩG* is -629.514437 hartrees.
In order to study the contribution of many-body energies to the binding energy, the alanine-(water) 4 complex is divided into alanine and water monomers and 10 two-body, 10 three-body, 5 four-body, and a five-body term. Table I represents the values of these energies. All the energies are in kcal/mol and are BSSE-corrected. The binding energy of the complex obtained is -41.02 kcal/mol. It can be seen that most of the two-body energies have an attractive contribution except W 1 -W 2 and W 1 -W 3 , which have a repulsive contribution. Also, the interaction energy of alanine with individual water molecules is greater than that of water-water interaction. The highest and lowest two-body interaction contribution is from A-W 2 (-12.87 kcal/mol) and W 1 -W 2 (0.04 kcal/mol), respectively, but the former is attractive and the latter is repulsive. On comparing the interaction energy between alanine with individual water molecules, A-W 2 has the highest contribution (-12.87 kcal/mol) among A-W 1 , A-W 2 , A-W 3 , and A-W 4 . The highest waterwater contribution is from W 2 -W 3 (-4.18 kcal/mol).
The total two-body interaction energy is attractive and is -50.22 kcal/mol.
The three-body energies also have an attractive contribution except A-W 1 -W 2 , A-W 2 -W 4 , and A-W 3 -W 4 , which have a repulsive contribution. The highest three-body energy is -7.08 kcal/mol for A-W 2 -W 3 . The highest water-water-water interaction energy is -2.61 kcal/mol for W 1 -W 3 -W 4 . The total three-body energy is attractive and is -17.77 kcal/mol. All the four-body energies are repulsive. The highest four-body energy is 2.62 kcal/mol for A-W 1 -W 2 -W 3 . The water-water-water-water interaction energy also contributes significantly (2.51 kcal/mol) to the total four-body energy. The total four-body energy is repulsive and is 7.96 kcal/mol. Five-body energy is attractive and is -2.51 kcal/ mol. The relaxation energy, which is a measure of the degree of distortion in individual molecules in a complex, is 21.52 kcal/mol.
Conclusions
We studied in detail the lowest energy conformer of alanine-(water) 4 complex with the DFT/B3LYP method and using a basis set that includes diffuse and polarization functions. The contributions of manybody energies were studied. It was found that relaxation energy as well as many-body energies (two-, FIGURE 1. Lowest energy conformer of alanine-(water) 4 complex optimized using B3LYP/6-31ϩG* level.
TABLE I ______________________________________
Many-body interaction energies (two-, three-, four-, and five-body) for alanine-(water) 4 complexes using B3LYP/6-31؉G* level.
Many-body term
Energy (kcal/mol) A is alanine and W i denotes i th water molecule in a complex according to Figure 1 . All energies are in kcal/mol and are BSSE-corrected.
